SUMMARY Two clinical studies of cardiac output determination using the pressure-pulse technique are presented. The Warner pressure-pulse method of estimating cardiac output was compared with the dyedilution technique in 17 patients. Both the Warner and a variation of the Bourgeois pressure-pulse methods were compared with thermodilution in 13 patients.
ACCURATE ESTIMATION of cardiac output from the central arterial pressure wave form has been widely investigated. A reliable method would offer a major advantage over other techniques in that continuous, beat-to-beat stroke volume calculations would be possible. Many methods have been proposed.'-" Digital computers have significantly reduced the computation time required to process pulse-pressure data, and have thus focused greater attention on the feasibility of using pulse-pressure techniques for continuous intensive care cardiac output monitoring. Investigations comparing pressurepulse methods of cardiac output determination with other measurement techniques have produced mixed results. [6] [7] [8] [9] [10] In this paper we present the results of two clinical studies. The first is a comparison of the Warner pressure-pulse method' with simultaneously performed dye-dilution curves. The second is a comparison of the Warner and Bourgeois methods with simultaneously determined thermodilution cardiac outputs.
Materials and Methods
Detailed derivations of the Warner and Bourgeois methods are found elsewhere." 6 The Warner equation used in the studies is: SV = K (Pmd) (1 + Sa (1) where SV is stroke volume, K is a calibration constant determined by making a simultaneous measurement by an independent method, Pmd is the average increment in mean pressure, over the arterial bed, from the previous diastole to end-systole (referred to as the mean distending pressure [ fig. 1 (2) where SV is stroke volume and KA is a calibration constant determined by simultaneously measuring stroke volume by an independent method, Pd is the diastolic pressure preceding the systolic pressure wave of the curve of interest (see fig. 2 ), P,, is the pressure at end-systole (dicrotic notch), SA is the area under the curve during systole, and r is the time constant of the exponential decay of the diastolic portion of the pressure contour. Dependent variables are the logarithms of sample points from the diastolic portion of the. pressure curve from the dicrotic notch to end-diastole; time is the independent variable.
The The second study made comparisons between the Warner and Bourgeois methods and the thermodilution-determined cardiac output on 13 patients in the respiratory intensive care unit (RICU) at LDS Hospital. Since thermodilution measurements and central arterial pressure monitoring were performed routinely as a part of the clinical management program, the comparison studies were performed without departing from normal patient-care procedures. One hundred forty-four sets of simultaneous pressure-pulse and thermodilution measurements were taken, with a mean of 3.5 measurements per set. A typical protocol included three to four measurement sets per day, taken at 3-4-hour intervals. Except for one patient, all were observed for at least 2 days; one of the patients was observed for 3 weeks and one for 5 weeks. Thermodilution measurements were made using 10 ml of iced normal saline injected through the right atrial port of a Model 44166 Instrumentation Laboratories Inc. #7F flow-directed thermodilution catheter. The resistance change of the catheter thermistor was measured and converted to an output voltage by an amplifier designed and built by the Department of Medical Biophysics and Computing at the University of Utah. The voltage output of the amplifier was sampled at 6.25 samples/sec for 45 seconds with an analog-to-digital converter and processed by the computer. For low-output states, a longer sampling duration was used to allow the curve to return to baseline. After the computer processed the data, both the cardiac output value and the timetemperature curve were displayed. Sampled analog data for pressure, dye-dilution and thermodilution was stored temporarily on magnetic disc; the data were later transferred to digital tape for further evaluation.
Pattern recognition of the pressure wave form used averaging these values over the 10 beats. The time constant r was determined by the computer using the method for averaging successive diastolic decays described by Bourgeois.5 The average diastolic decay curve was then used to determine r as described in the original Bourgeois paper. '6 Results Five of the 17 patients in the dye-dilution study were female; average age was 47.9 years. Five of the 13 patients in the thermodilution study were female; average age was 49.0 years.
Cardiac output data from both studies were plotted against time. In most cases the pressure-pulse cardiac outputs were observed to begin diverging from the indicator dilution cardiac outputs within a few hours. Long-term drift in the pressure-pulse method had been observed before in this clinical setting and had been attributed to changes in the cardiovascular system that altered the calibration constant of the pressure-pulse equation. If the pressure-pulse methods failed as an absolute measure of changes in cardiac output, the question remained whether they could at least be useful in following trends. To reduce the effect of drifts between the pressure-pulse and indicatordilution methods, the results of both studies were analyzed using percent change between the average of each measurement set and the average of the preceding measurement set. Thus, for each measurement set (in) the percent change from the previous set (in l) would be:
Percent change = 100 X inn-l
A scatter diagram comparing percent changes in the Warner pressure-pulse method against percent changes in the dye-dilution cardiac outputs of the first study is shown in figure 3 In the first study, the transition from pre-to postthoracic surgery was often accompanied by large changes in cardiac output. Consequently, one reason for the improved correlation coefficient in the dyedilution study over the thermodilution study was that Perhaps the high inverse correlations between mean pressure and K on the dye-dilution study were not observed in the thermodilution study because these patients were followed longer. When adjacent measurement sets were connected with lines on the mean pressure vs K and KA plots, the majority of the lines connecting successive points were of negative slope with a similar slope value. An example for the Warner constant against mean pressure is given in figure 6 for the patient with the most data. A similar effect was noted on all patients for both the Warner diastolic decay of the aortic pressure wave form. They found that the best results were obtained when the tip of the arterial catheter was positioned in a segment of the thoracic aorta that gave nearly perfect exponential decay in the diastolic wave form. They found this "optimal" location about 4 cm cephalad of the dorsal insertion of the diaphragm in the dog. Dr. Edward L. Bond and Dr. Reed M. Gardner at our institution could not find the optimal location for the tip of the arterial monitoring catheter. All arterial monitoring catheters used in the present studies had their tips in the subclavian artery. Since this is not the optimal location described by Bourgeois and associates, it may be partially responsible for the poor performance of the Bourgeois method.
Although several clinical trials of the Warner and other variants of the pressure-pulse method have been reported,"s 7 8, 10-12 we are unaware of other clinical reports testing the Bourgeois method. The Bourgeois method has been tested under a wide variety of physiologic conditions, but all the experimental results published have been from acute, short-term animal models. Based on the changes in the shape of patient pressure wave forms over time in our critically ill patients, we are uncertain that the so called optimal location of the catheter will remain fixed. Only careful experimentation on several subjects will answer this question.
Conclusions Further research on pressure-pulse methods is warranted, although these results show that the pressure-pulse methods studied were not reliable indicators of change in cardiac output. Calculation of parameters other than cardiac output may be of value. 4 showed that minoxidil, in combination with propranolol and diuretics, lowers the blood pressure of hypertensive patients resistant to treatment with large doses of standard antihypertensive drugs. The therapeutic importance of chronically administered minoxidil in man stimulated comprehensive toxicologic studies. In general, the drug has little toxicity when given intraperitoneally or orally and causes minimal pharmacologic effects except in thecardiovascular system. The drug does produce hirsutism in humans, an annoying side effect, especially in women. Teratology studies in pregnant rats and rabbits were negative. Daily doses of 7 mg/kg of body weight in monkeys and 30 mg/kg in rats older than 1 year caused no significant organ abnormalities. 5 Toxicity in canines is also of a low order, but a species-specific lesion of the right atrium of the heart occurs with single daily doses of 1 mg/kg or greater given for 1 month. A nonspecific myocardial lesion has also been described in rodents and dogs briefly treated with minoxidil, identical to those induced by hydralazine, other hypotensive agents and isoproterenol.6' 7 This lesion consists of a loss of cytoplasm in myocardial cells in the left ventricular papillary muscle.
The usefulness of minoxidil in hypertensive disease in man had to be carefully evaluated against the possible occurrence of right atrial lesions similar to those in the beagle and the nonspecific left ventricular papillary muscle change. Little information is available on gross and microscopic right atrial pathology. 
